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Experimental Model of Chronic Global Left Ventricular Dysfunction
Secondary to Left Coronary Microembolization
STEVEN J . LAVINE, MD, FACC, PETAR PRCEVSKI, DVM, A . CHRISTIAN HELD, MD, FACC,
VICKI JOHNSON
Detroit, Mie(igon
A model of chronic left ventricular dysfunction characterized by
left ventricular dilation, elevated filling pressures and histologic
changes has been lacking. In this study the use of coronary
microsphere embolizatlon•i nduced isehemia was explored as a
method of producing chronic ]art ventricular dysfunction . Acute
ischemic left ventricular dysfunction was induced in 13 mongrel
dogs with 50 fun plastic microspheres until the peak positive first
derivative of left ventricular pressure (dP/dt) decreased by 25%
and the left ventricular end-diastolic pressure increased to
alt sons Hg. After B weeks of observation, hemodynamic and
echocardiugraphfc variables were measured in each dog
.
Acute left ventricular dysfunction resulted in a dilated left
ventricle with systolic dysfunction (area ejection fraction 24 ± 6%
vs . 57 ± 9% initially, p < 0 .01) and elevated left ventricular filling
pressures, Isovolumetric relaxation was prolonged and the peak
rapid fillinglatriol filling velocity and integral ratios were reduced .
A canine model of chronic left ventricular dysfunction
characterized by a dilated left ventricle and elevated left
ventricular filling pressures would provide an important
experimental means for characterizing hemodynamic and
neurohormonal alterations associated with progressive heart
failure . To date, a variety of different experimental prepara-
tions have been utilized, including pressure loading, volume
loading . venous obstruction, right heart failure, ischemiaand
the use of toxins
(I). However, none of these techniques
have been entirely successful in producing a canine model of
chronic left ventricular dysfunction associated with left
ventricular dilation and filling pressure elevation . Rapid right
ventricular pacing was utilized to produce a reversible
canine model of congestive heart fa,mre
(2,3), but it lacked
histopathologic alterations . Although the rapid ventricular
pacing model shares some of the hemodynamic and neuro-
hormonal alterations seen in chronic congestive heart failure
in humans, the lack of myocardial scarring characteristic of
many patients with a failing IeE& ventricle is an important
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Eight weeks after embolieation, there was an increased left
ventricular size (end•dlmtolie area 15.1 ± 2.1 cm' at S weeks vs .
13 .5 s 1,4 cm' early after microsphere injection, p < 0 .05),
unchanged end-systolic area, improved area ejection fraction and
Increased left ventricular mass . Left ventricular end-diastolic
pressure increased and, despite continued abnormal relaxation,
the peak rapid filling/atrial filling velocity and integral ralim
increased to above baseline values, demonstrating a "restrictive"
pattern. Gross and histologic examination revealed diffuse, patchy
warring associated with perivascular fibrosis.
Thus, coronary microsphere embolization resulted in a model
of chronic moderate left ventricular systolic dysfunction and
abnormal diastolic function characterized by a "restrictive"
filling pattern .
(J Am Coll Cordial 1991;181794-803)
limitation of the pacing model, especially with regard to the
evaluation of diastolic function .
Recently we (4-6)
explored the use of coronary embo-
lization with small (50 µm) plastic microspheres as a means
of producing acute low output congestive heart failure to
study diastolic function in acute congestive heart failure .
With this acute model, we have confirmed our previous
clinical observations (7) that redistribution of diastolic filling
to early in diastole occurs with severe left ventricular
dysfunction and elevated mean pulmonary capillary pres-
sores
. Our experimental data (5) indicate that increased
pericardial restraining forces mediate this diastolic filling
redistribution . The ability to generalize these experimental
findings to clinical chronic congestive heart failure is obvi .
ously limited because of the nature of this short-term model .
However, the coronary microsphere model of low output
congestive heart ffilure may be particularly well suited for
the study of chronic disease because the histopathologic
changes (patchy fibrosis throughout the myocardium) share
some similarity to the histologic changes seen in patients
with chronic congestive heart failure of various causes
(8-10)
.
In this study, we report our use of 50 )urn coronary
microsphere embolization to produce a canine model of
chronic left ventricular dysfunction with elevated left ven-
tricular filling pressures . The systolic and diastolic functional
0735-IW7M1/53 .50
)ACC' Vvl . IN. No. 7
December -:171t-13
responses to acute ischemic left ventricular dysfunction and
to the left ventricular remodeling associated with chronic left
ventricular dysfunction are described .
Methods
Experimental preparation
. The animals used in this study
were maintained in accordance with the guidelines of the
Committee on Animal Studies at Wayne State University
School of Medicine and those prepared by the Committee on
Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources- National Research Council
(DHEW Publication No. (NIHI 85-23, revised in 1985) .
Anesthesia was induced in 13 conditioned mongrel dogs (19
to 27 kg) with morphine sulfate (1 .5 mg/kg) and acepro-
mazine (1 .1 mg/kg) injected intramuscularly followed in
15 min by 30 mg/kg of ketamine hydrochloride administered
intravenously. Maintenance anesthesia was produced by
intravenous morphine sulfate (1.5 mg/kg per h) and sodium
pentobarbital (3 mg/kg per hl
. The dogs were tntubated and
artificially ventilated with a Harvard respirator using room
air. Two 7F
high fidelity pressure catheters (Millar Instru-
ments) were introduced into the right carotid artery and,
guided by fluoroscopy, one was advanced into the left
ventricle and the other into the ascending aorta . A size 8
multipurpose Judkins coronary catheter was introduced
through an arterial sheath (Cordis) into the right femoral
artery and advanced into the left coronary ustium under
fluoroscopic guidance : small bolus d^sea o' a nonionic
contrast medium used to verify its position
. A 7F
rhermodilution pulmonary artery flotation catheter was in-
troduced through the right femoral vein and advanced to the
pu:,-. ,onary artery with fluoroscopic guidance . The proximal
port was utilized to obtain mean right atria[ pressure . Also,
through the right femoral vein, a no . 5 bipolar pacing wire
was advanced fluoroscopically to the high right atrium . After
all the catheters were in place, heparin (3,000 U) was
administered intravenously . Continuous electrocardio-
graphic (ECG) recordings utilizing lead 11 were obtained . At
held end-expiration, the ECG, left ventricular pressure and
first derivative of left ventricular pressure (dP/dt) . central
aortic pressure and mean right atrial pressure were displayed
on an eight-channel physiologic recorder (could) and re-
corded at paper speeds of 100 and 200 mm .ts. Thermodilution
cardiac output was measured in triplicate .
Echocardiography . Simultaneous two-dimensional echo-
cardiograms were obtained from the parasterrad short-axis
view at the mid-papillary muscle level with use of a phased
array ultrasenograph (Hewlett-Packard 77020-A or Aloka
880) . From the parasternal short-axis views, cursor-derived
M-mode recordings of the mitral valve and left ventricle
were obtained together with phonocardiographic recordings
of the heart sounds recorded at a rate of IOU mmls on a strip
chart recorder. Transesophageal fourchamber and apical
long-axis images were obtained from a commercially av . it-
able 5 MHz transesophageal probe (Hewlett-Packard or
L .vVlstEL1L
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Aloka) placed in the dogs mid-esophagus . Transmittal
pulsed Doppler recordings were obtained with the sample
volume placed between the tips of the mitral leaflets in
diastole and recorded on a strip chart recorder at 100 mm%s .
the left atrium was examined for the presence of mitral
regurgitation with use of pulsed Doppler echocardiography
and color floe mapping. The extent of mural regurgitation
was semiquantified by determining the area of the maximal
regurgitate color flow signal as a function of left atria) size in
the apical four-chamber, apical long-axis and parastemal
long-axis views . The final ratio was derived from the average
of the three view, with use of three consecutive heats . The
preceding hcmodvnamic, echoeardiographic and Doppler
data were acquired at baseline and during various atria)
pacing rates beginning at 10 beats above baseline and lucre .
mented at 5-beat intervals until merging of the transmittal
pulsed Doppler rapid and atrial filling integrals occurred .
Coronary micrusphere embolization, lschemic left ven-
tricular dysfunction was induced by left main coronary
artery injection of (58 - 2 )am in diameter) plastic micro-
spheres I ;MI (4 .5)
. The microspheres were continuously
agitated in a saline suspension and injected as a bolus of 2 to
4 ml (35,000 microsphereslmp. Injections were made every 5
to 10 min until the peak positive dP/dt decreased by >>-25%
and the left ventricular end-diastolic pressure was ~ 12 mm Hg .
The average dose of coronary microspheres was 0
.21 million
microspheres (range : 0 .14 to 0.32 million) . Moderate left
ventricular systolic dysfunction associated with moderate
left scr,drlllar filling pressure elevation was achieved in
approximately 45 to 60 lain . After 60 min of hemodynamic
stability, echocardiogmphic, ECG. hemodynamic and car-
diac output variables were obtained without atria) pacing and
at an atrial pacing rate that matched one of the atria) pacing
rates used before coronary microsphere embolization. Minor
adjustments were made in the pacing catheter's position to
ensure that the PR interval was the same as that acquired
before embolization . The right carotid and femoral arteries
were repaired with good distal flows and the right femoral
vein was ligated . The skin teas sutured and anesthesia was
partially reversed with 0.4 mg of nalaxone intravenously .
Three dogs died of severe pulmonary edema within 48 h . The
10 surviving dogs were transferred to the veterinary hospital
for convalescence .
Follow-up. All 10 dogs were observed for 8 weeks and
followed up with daily weight measure vent and weekly
parasternal short-axis echocardiograms obtained with the
dogs lying quietly on their right side . No further complica-
tions were noted in this group . Furosemide (20 mg intrave-
nously) was utilized for the first 48 h to alleviate pulmonary
congestion . a
s assessed by lung examination and assessment
of the dog's respiratory rate and depth of respiration . Dys-
pnea did not appear to be a significant problem after 48 h .
Experimental protocol 8 weeks after embolization . Eight
weeks, after coronary artery microentbolization, each dog
was returned to the experimental laboratory. Anesthesia was
induced with the induction and maintenance anesthesia
1796
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protocol previously described . High fidelity (7Fi pressure
catheters (Millar) were placed into the left ventricle and
ascendim ; aorta through the left femoral and left carotid
arteries . A 7F thermodilution pulmonary artery flotation
catheter and a no. 5 bipolar pacing wire were introduced into
the pulmonary artery, as previously described . The position
of the pacing catheter was adjusted to ensure that the same
PR interval was obtained . After all the catheters were in
place
. heparin (3,000 U) was administered intravenously .
Continuous ECU recordings utilizing lead II were obtained .
At held end-expiration, hemodynamic, echocardiographic
and Doppler variables were recorded without pacing and at
the same atrial pacing rate used during acute ischemic left
ventricular dysfunction
. In each dog, the heart was then
fibrillated with I cc/kg of potassium chloride. The heart with
intact atria was excised and weighed on an electronic bal-
ance.
Hemodynamic variables . Left ventricular systolic, mini-
mal and end-diastolic pressures, peak positive and peak
negative dP/dt, mean right axial pressure, mean arterial
pressure and cardiac output (stroke volume) were obtained
from the hemodynamic tracings at baseline after the produc-
tion of acute left ventricular dysfunction and at 8 weeks after
embolization at the same atrially paced rate . The rapid filling
wave on the left ventricular pressure t racing
. a
s
defined by
the pressure increment between the minimal left ventricular
pressure and the pressure plateau before the A wave, was
obtained from three consecutive beats and averaged . The
time constant of left ventricular pressure decline, a measure
of left ventricular diastolic relaxation, was calculated with
use of a monoexponential fit of left ventricular pressure with
time assuming a zero asymptote (II). Hemodynamic data
demonstrated excellent fits with the exponential relation (r >
0.99). All hemodynamic measurements were calculated as an
average of three consecutive beats or determinations .
Isovolumetric relaxation period and left ventricular wall
thickness. From the mitral valve echogram and phonocar-
diographic recordings (at 100 trials paper speed), we ob-
tained the intervals from the Q wave to the opening of the
moral valve and from the Q wave to the aortic component
(first high frequency component) of the second heart sound
(total left ventricular systolic time) . The isovolumetric relax-
ation period was defined as the interval from the Q wave to
the opening of the mitral valve minus the total left ventric-
ular systolic time. From the M-mode echocardiographic
recordings of the left ventricle, septa) and posterior wall
thickness were obtained with use of conventional measure-
ment techniques (12). Left ventricular mass was calculated
by using the M-mode technique of Devereaux and Reichek
(13). Each of the intervals was obtained from the three
consecutive cycles and averaged at baseline, during acute
left ventricular dysfunction and at ^o weeks .
Transmitral pulsed Doppler recordings . Because tmnsmi-
tral spectral tracings were obtained from the transesophageal
window, they were negatively directed because the direction
of flow was away from the transducer. Tracings were digi-
s
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Figure l. Graphic representation of the transmittal pulsed Doppler
spectrum obtained from
the transesophageal apical four-chamber
imaging plane. Velocity recordings are negatively directed. A =
peak atria) filling velocity
; AFP = atdal filling period ; AFVI = atria)
filling velocity integral ; E = peak rapid filling velocity :: RFP = rapid
filling period; RFVI = rapid filling velocity integral .
tized (10-ms intervals) with use of a hand-held digitizer with
a graphics tablet and the Doppler analysis package of the
Quantic 1200 (Bruce Franklin) . From the average of mea-
surements taken from three consecutive tracings, we ob-
tained the peak rapid filling and atrial filling velocities . The
rapid filling period was defined as the interval from the onset
of mitral flow to the end of rapid filling, the atria) filling
period as the interval from the onset of atria) filling to the end
of mitral flow and the diastolic filling period as the interval
from the onset to the end of transmittal flow. In this study a
wail filter (0.1 mls) was used for each dog at baseline, during
acute left ventricular dysfunction and at 8 weeks after
embolization . Because the wall filter in this instrument
produced a velocity cutoff, we extrapolated the spectral
tracings perpendicularly to the baseline . All timing measure-
ments were taken from the baseline. Perpendicular extrapo-
lation to the baseline resulted in high reproducibility (mean
difference 6 ± 2 ms) of timing interval determination . Linear
extrapolation to the baseline may alter the timing interval,
but in all dogs and in all conditions the mean difference was
<10 ms. The area beneath the spectral tracing was deter-
mined for the rapid, atrial and diastolic filling periods . Both
rapid and atria) filling areas were divided by the diastolic
filling area to generate a rapid filling and atria] filling fraction .
Echocardiographic analysis of left and right ventricular
areas. Three consecutive cardiac cycles from each stage
(atrially paced) were analyzed by a single operator using an
off-line commercially available analysis system (Quantic
1200) . Left ventricular short-axis area was digitized on a
frame by frame basis from videotape from three consecutive
cardiac cycles . For each cardiac cycle, an area versus time
curve was constructed. End-diastolic area was determined
as the frame with the largest digitized area and end-systolic
area as the frame with the smallest digitized area . Stroke
area was calculated as the End-diastolic area - End-systolic
(ACC Vol. is,
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area and area ejection fraction as the Stroke area/End-
diastolic area.
Left ventricular
real! motion was assessed by two observ-
ers who had no knowledge of other dat,_ .asing
a semigaon-
titarive visual analysis of the pamsternal short-axis . apical
four-chamber and apical long-axis views . : .. apical views
were divided into five segments. The p. asternal short-axis
view was also divided into five segmeras (anterior, septal,
lateral, inferior and posterior walls) . Each segment in each
view for each condition was scored on a scale of I to 5 with
I = normal wall motion and 5 = dyskinesia . The observers
agreed on 98% of segments and all disagreements were
resolved by consensus . Global dysfunction was defined as an
increase in score for each segment by at least 2 over baseline
and a maximal difference between segments of ---I semiquan-
: lative unit for a given condition (acute left ventricular
dysfunction or 8 weeks after cmbolization) .
Right ventricular end-diastolic (at the R wave) and end-
systolic areas were determined from the transesophageal
apical four-chamber view . An area ejection fraction was
calculated, as described previously. The filling fractions at
one third and one half of diastole (two indexes characterizing
the extent and time course of diastolic filling [5)) were
calculated from this frame by frame analysis . The filling
fraction (FF) at one third and one half of diastole (D) was
calculated as:
FF at 113 D = 113 DA - ESA/Strokc area
FF at 112 D= U2 DA - ESA/Stroke area,
where 1/3 DA = digitized left ventricular area at one-third
diastole, 1/2 DA = digitized left ventricular area at one-half
diastole and ESA = end-systolic area . If the time of one-
third or one-half diastole fell between frames- linear inter-
polation between the two closest frames was use
.1
to calcu-
late the appropriate filling fraction . The filling fraction at
one-third and one-half of diastole represents the percent of
left ventricular short-axis area expansion at one-third or
one-halfoftotaldiastole . Total diastole necessarily includes
the isovolumetric relaxation period because the midpapillary
muscle level short-axis view does not include visualization
of mitral valve motion . All echocardiographic variables were
calculated as the average of three consecutive cycles .
Left ventricular pressure-volume relations . Simultaneous
left ventricular pressures and echocardiographic left ventric-
ular short-axis areas from end-diastole to end-systole were
plotted every 33 ms for the baseline state, acute left ventric-
ular dysfunction and 8 weeks after embolization . Simulta-
neous left ventricular pressures and echocardiographic
short-axis areas from the minimal left ventricular pressure to
the peak of the A wave were fitted (r > 0 .98) to the following
exponen::al equation 114 .151 : P = be 5A, where P
-
left
ventricular diastolic pressure . b = a constant, e - base of
the natural logarithm, k = chamber stiffness constant and
A = left ventricular short-axis area
. The chamber stiffness
constant (k) was calculated as the slope of the linear relation
LAx9NE ET AL
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between the natural logarithm of the left ventricular pressure
and short-axis area : InP
-
kA + Inb . A linear least squares
method was used to find the slope of the best fitting line.
lntraobserver variability for left ventricular cavity area
for a given video frame was determined by analysis of 25
randomly chosen frames from seven previously studied
dogs
. Each frame was analyzed twice at least 2 weeks apart .
The average difference between measurements for a given
frame was 0 .25 cm'- (or 1 .6 ± 1 .2% of the left ventricular
area) .
Left ventricular geometry and wall stress . From the
transesophageat apical long-axis view of the left ventricle,
the end-diastolic tat the R wave) and end-syslolic (smallest
area) areas were determined . The long axis of the left
ventricle at end-diastole and end-systole was determined as
the linear distance from the echocardiographic apes of the
left ventricle to the insertion of the anterior mitral leaflet .
Although the apical four-chamber view in humans tends to
foreshorten the left ventricle (especially with transesoph-
ageal imaging), in dogs this view tends to provide a closer
approximation to the long axis of the left ventricle . The
minor axis of the left ventricle for end-diastole and end-
systole can be calculated from the apical four-chamber view
(A4C) with use of a variation of the area-length formula (16) :
Minor axis I .A4CI -4 x A4C amw3 .14 x Lore axis .
A second n.inor axis can be calculated from the end-diastolic
and end-systohe short axis (SAX) areas with the following
formula:
Minor-is (SAXI = 2 Ishort axis areal3 .141 1- -
For a prolate ellipse, the ratio of the major to the minor axis
should equal 2 . For a sphere, this ratio should equal I . The
ratias for major to minor axes were determined for end-
diastole and end-systole .
The end-diastolic radius (R)Avall thickness ('/ -It) ratio was
calculated as an estimate of end-diastolic volumelmass using
the formula (17) :
ILTh = (Short axis area/3
.141'
t
iPosterior wall thickness.
Left ventricular end-systolic nteridional wall stress
was
calculated using the following formula (18) :
End-vystoliastress= 1 .351ESPIIESDI/41ESPWTI
(1 + ESPWT/ESD),
where ESP = aortic end-systolic pressure . ESD - M-mode
left ventricular end-systolic dimension and ESPWT = end-
systolic posterior wall thickness
. These measures were
calculated from three consecutive beats at each atrially
paced stage .
Histology . Tissue specimens for microscopic examina-
tions were taken from above and below the papillary muscle
level . mid-papillary muscle level . anterior wall, intraventrie-
ular septum and posterior wall
. Apical samples were also
obtained. All samples obtained included the epicardial and
endocardial surfaces . Tissue samples were stained with
1798
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Table 1 . Variables of Left Ventricular Size Oaa Systolic Function
After Coronary Embolization
'p 0 0
.01 Is,
. baseline);
to
A 0.05: #p A 0.05 (left ventricular ILVJ
dysfunction at 8 weeks vs . acute dysfunction). AEF = area ejection fraction ;
EDA =
end-diastolic area : ESA =end-systolic area; ESS = end-systolic
stress: LVSP = peak left ventricular systolic pressure : MAP= mean arterial
pressure ; Peak +dPldt = peak positive first derivative of left ventricular
pressure : RV = right ventricular
: SV =
stroke volumee
hematoxylin-eosin and Masson trichrome stains (to demon-
strate collagen) . Semiquantitative analysis of the extent of
fibrosis was performed by determining the percent of a given
low power field occupied by fibrosis (trichrome staining) .
Color slides were made front each glass slide and were
projected on a white screen. Trichrome stained areas were
outlined and measured by planimetry
. For a particular wall
and level, the extent of fibrosis was determined from the
average of 18 low power fields (40X) : three slides with three
endocardial (inner half) and three epicardial (outer half)
fields per slide .
Statistics . Data are expressed as mean values t SD and
analyzed by analysis of variance with repeated measures of
variance . If a p value < 0.05 was found for the F ratio,
Tukey's test was used to determine whether significant (p <
0 .05) differences existed for a given variable between any of
the experimental conditions
. The relation between two var-
iables was determined by using least squares linear regres-
sion . A p value < 0 .05 was considered significant .
Results
Left ventricular size and function and hemodynamics after
coronary embolization (Table 1). Coronary artery micro-
sphere embolization had a profound immediate influence on
left ventricular systolic function, as characterized by an
increase in left ventricular size at end-diastole and systole
and end-systolic wall stress and a reduction in area ejection
fraction, peak positive dP/dt, left ventricular systolic pres-
sure, stroke volume and mean arterial pressure . At 8 weeks
there was a compensatory further increase in left ventricular
size associated with an improvement in stroke volume and
area ejection fraction (Fig. 2)
. No changes were noted in
end-systolic area . However, 14 drys after embolization the
18
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Figure 2
. Left ventricular (LV) end-diastolic (EDA) and end-
systolic (ESA) areas are shown immediately after embolization and
at days I, 7, 14, 21, 28. 35, 42, 49 and 56 after embulization .
End-diastolic and end-systolic areas are shown as stacked bars
. The
inside bar is the end-systolic area. Significance levels (ep < 0.05, +p
< 0.01) are based on comparisons versus baseline.
left ventricular end-diastolic area increased and further
increased at 28 days, after which time no further changes
were noted . Left ventricular end-systolic area, peak positive
dP/dt and end-systolic wall stress remained unchanged at 8
weeks. Left ventricular systolic pressure and mean arterial
pressure at 8 weeks were similar to baseline measurements .
Right ventricular size and systolic function did not change
with acute left ventricular dysfunction . There was an insig-
nificant decrease in right ventricular systolic function (p =
0
.10) at 8 weeks primarily due to a small increase in
end-systolic area.
Heart weight and mass and wall motion . Canine weight
increased from 21 .8 ± 3 .2 kg before embolization to 23 .7 t
3.3 kg at 8 weeks (p < 0 .05)
. There was no evidence of
ascites or overt pulmonary congestion in any dog . Heart
weight (mean) at 8 weeks was 198 t 24 g or 7 .92 ± 0 .92 g/kg
body weight. Heart weight was for obvious reasons not
available after the induction of acute left ventricular dys-
function, however, earlier studies in our laboratory in eight
dogs demonstrated a heart weight of 6 .1 t 0.9 g/kg body
weight, which was significantly less (p < 0 .01) than that of
dogs studied 8 weeks after embolization . Septa) and poste-
rior wall thickness demonstrated insignificant increases at 8
weeks (septum 0 .74 ± 0.07 cm at 8 weeks vs. 0.78 ± 0 .16 cm
before embolization ; posterior wall 0.75 ± 0.06 cm vs .
0.78 ± 0.12 cm, p = NS) . In contrast, acute left ventricular
dysfunction resulted in mild wall thinning (septum 0
.67 ±
0.11 cm, p < 0.05 ; posterior wall 0.66 ± 0.13 cm, p < 0 .05) .
However, left ventricular mass increased significantly at 9
weeks (117 ± 24 vs. 92 .2 ± 9 g, p < 0 .01) as compared with
baseline and after acute left ventricular dysfunction (94 .2 ±
9.3 g, p < 0.05)
. Left ventricular systolic wall motion
immediately after embolization and at 9 weeks demonstrated
only global systolic impairment in all dogs as determined by
semiquantitative visual assessment of wall motion .
	p r0.05
+P(0.0,
Rasnmc
Acvie V
Dysfunction
LV Dysfunction
a18 Weeks
EDA Icm'-I 10 .2 x IA 13 .5 ± 1.4' 15.1 x 2.1'i
ESA Icm'1
4 .4 0
1 .5
10 .4 _ 1.3' I3 5 x L8•
AEF1% ; 57m9 24x0 2956. 2
RV EDA (cm'-I 5 .6 *- 1 .7 5 .2 x 1.7 5.6 x 1 .6
60 ESAkm- I 3**-1 .2 2 .8 1.6 3.3x1 .9
RV AEFlcm'( 46 *_ I3 43!12 41!13
Peak +dP'dr
"'
Hgfsl
2,097 x 364 1 .601 x 243' 1 .$56 361 -
LVSP in, Hg) 110'- 13 101 x 12t 112'_ 142
SV Icdbeal)
42 x 6 23 x m • 32 x 90t
MAP Imm Hg) 968 8 91x5' 97'10
ESS (ofcm') 37 ! 7 89 x 16' 88
x
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Table 2 . Left Ventricular Geometry After Coronarv Embolization Tattle 3. Diastolic Timing Intervals
ep < 0
.01 Ivs. baseline) :
fp
< 0 .45 :'.p < 0 .05lacule left curricular 11_V]
dysfunction vs. dysfunction a18 weeks/, A4C - apical four-chamber : ED =
end-diastole;
ES = end-systole, R/Th = end-diastole radius poscedor wall
thickness.
Left ventricular geometry (Table 2) . With acute left ven-
tricular dysfunction, there was an increase in the major and
both minor axes at end-diastole and end-systole . The ratio of
major to both minor axes demonstrated a more spheric left
ventricle (smaller ratio) with acute left ventricular dysfunc-
tion . The left ventricular radius/wall thickness ratio in-
creased . At 8 weeks after the induction of left ventricular
dysfunction, the major and both minor axes further in-
creased at end-diastole only as compared with values during
acute left ventricular dysfunction. The left ventricle became
less spheric at end-diastole and the left ventricular radius/
wall thickness ratio at end-diastole decreased as compared
with the value during acute left ventricular dysfunction .
Diastolic timing intervals (Table 3) . With acute left ven-
tricular dysfunction, the timing of the onset of mitral filling
Table 4. Hemodynamic Variables of Diastolic Function
LAVINEETAL
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'p < 1).01111 bar11001
:'p < 0051 _p < 0.011acute left venufculae ILVI
dysfunction cs. Jcsfunction at 8 weeks/ . AFP = atnal filling period : DFP =
di1,10111 filling period: IRP - ,olumetrc rel-ion mood
: FIST =
pressure half la, QSSVO = Q wave to onset of mitrd how : RFP = rapid
filling
p-oh. RR - RR interval.
was delayed and was associated with prolongation of the
isovolumetric relaxation period and shortening of the dia-
stolic and rapid filling periods- At 8 weeks there were
shortening of the isovolumetric relaxation period .although it
was still prolonged, normalization of the rapid filling period
and shortening of the atrial filling period and pressure half-
time .
Hemodynamic variables of diastolic dysfunction (Table 4),
Acute left ventricular dysfunction resulted in increased left
ventricular end-diastolic and minimal pressures and mean
right atrial pressure, which demonstrated further increases
at 8 weeks . Peak negative dP/dt decreased and the time
constant of relaxation increased with acute left ventricular
dysfunction and remained unchanged at 8 weeks . The rapid
filling wave on the left ventricular pressure tracing signifi-
cantly increased at 8 weeks as compared with that at
baseline and during acute left ventricular dysfunetioo . The
chamber stiffness constant increased immediately after em-
bolization and further increased at 8 weeks .
The fillin .e fractions (Fig. 3 ue:d Table 5) at one third and
one half of diastole decreased with acute moderate left
ventricular dysfunction, as previously noted in our labora-
tory 151. Huwever . at 8 weeks after the induction of left
ventricular dysfunction, both filling fractions increased to
levels higher than those measured at baseline . We previously
'p < 0,01 Ivs- bmelina 'p <p < 005: pp < 001 Iacule left ventricular ILVI dysfunction
so. dysfneaon m 8
weeks! K = chamber,110ness mnsune LVEDP = left venlricularcnddiasndic pressure : LVminP = left ventricular
lmal pensanre : Peak -JPdI = peak negative first de-live of left venuicular pressure
: RAP =mean right mnal
pressure : FEW = rapid filling wove : T - time ennstanr of ten ventricular presmre decline .
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Figure 3. Percent stroke volume filled is plotted against the percent
of diastole at baseline (BASE) . after acute left ventricular dysfunc-
lion (ACUTE) and after 8 weeks iCHRONIC) for a representative
dug
. Impaired early diastolic filling is noted for acute left ventricular
dysfunction and "supernormalization" of early diastolic filling is
noted at 8 weeks after embolization .
observed (5) this phenomenon after induction of more severe
acute left ventricular dysfunction associated with a severely
elevated left ventricular end-diastolic pressure
.
The peak ropid filling velocity, rapid fillingfraction, peak
rapid fillingipeak atria) filling velocity ratio and rapid filling!
atrial filling fraction ratio declined immediately after embo-
lization, whereas the atrial filling fraction increased
. Mitral
regurgitation, as assessed by color flow mapping of the left
atrium, was present in two dogs and occupied 9% and 12% of
the left atrial area
. At 8 weeks after embolization, there was
redistribution of diastolic filling to early diastole, as charac-
terized by increased peak rapid filling velocity, rapid filling
fraction, the ratio of their peak velocities and filling fractions
associated with a decrease in the rate and extent of atrial
filling . The apparent normalization or supernormalization of
diastolic filling variables was consistent with a "restrictive
filling pattern" further corroborated by a shortened pressure
half-time, an increased rapid filling wave and an increased
chamber stiffness constant . Mitral regurgitation was present
in on)v
three dogs at 8 weeks with the regurgitant jet
occupying 7%, 11% and 1490 of the left atrial area, respec-
tively .
Exmninarion of the left ventrirtdar diastolic pressare-
a •e a curve (Fig. 4) demonstrated a rightward shift with acute
left ventricular dysfunction . A further rightward shift with a
visibly greater slope of the _scending limb of the pressure-
area curve was noted at 8 weeks correlating with a greater
chamber stiffness constant as compared with that immedi-
ately after embolization .
Gross and histologic changes . Gross and histologic exam-
ination of each heart demonstrated the absence of scarring of
the right ventricle and atria . There was diffuse, patchy
scarring throughout the loft ventricle . Histologic examina-
tion (Fig. 5) revealed microspheres in all layers of the left
ventricle, usually single but occasionally multiple.  in small
Table 5. Variables of Diastolic Filling
'p < 0 .01(vs . baseline):
tp
< 0.05: it, < 0.01
tacute left ventricular ILVI
dysfunction vs, dysfunction at S weeks) . A =
peak
atria) filling velocity :
AFF = aerial filling fraction ; E = peak rapid filling velocity : FF-112
D = filling
fraction at one-half diastole
: FF-113 D = filling fraction at me-third diastole ;
RFF = rapid filling fraction .
arteries and arterioles surrounded by organized fibrotic scars
in the interstitium (perivascular fibrosis), as well as replacing
the myocardium (replacement fibrosis) with scattered intact
myocytes
. With use of a semiquantitative analysis, as char-
acterized by the percent of trichrome staining in a given
lower power field, no significant differences were noted in
the location of a given wall or location (endocardial or
epicardial) within the wall . The percent fibrosis ranged from
11% to 32%
. We did not observe infarcts in various stages of
healing, as has been previously described
(8) .
Discussion
Model of chronic left ventricular dysfunction . Recently
several reports (2,3) have described a canine model of
dilated congestive heart failure produced by rapid right
ventricular pacing (rates >200 beats/min) . Hemodynamic
Figure 4
. Left ventricular ILV) pressure is plotted against left
ventricular echocardiographic short-axis areas during diastole at
baseline (BASE), after acute left ventricular dysfunction (ACUTE)
and at S weeks after embolization (CHRONIC) for a representative
dog . Pressure-area curves shifted rightward with acute left ventric
ular dysfunction . A rightward shift was noted at 8 weeks with an
increased slope of the pressure-area curve suggesting a further
increase in chamber stiffness .
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Figure 5. Photographs of a low power I x]00) field (left) and high
power field below (x200) (righo . Hemotoxylin and eosin stains are
below and Masson trichrome staining above . Patchy fibrosis begins
interstitially and extends outward replacing the myocardium .
and neuruilormonal data suggest that this model approxi-
mates nonischemic biventricular failure in humans. As a
model of chronic left ventricular dysfunction, it lacks his-
tologic alterations, results in thinning of the myocardium, is
associated with nunphysiologie heart rates and is often
reversible when pacing is discontinued . Evidence of his-
tologic alterations characterized by interstitial and myocar-
dial fibrosis has been demonstrated to he common in con-
gestive cardiomyepathy of several etiologies including
coronary, viral and idiopathic disease
(9) .
Because ischemia
s a potent cause of necrosis acutely and fibrosis chronically,
we utilized a model of diffuse ischemia produced by coro-
nary artery microsphere embutization to produce a model of
chronic left ventricular dysfunction with fibrotic scarring .
As in our previous observations (5), coronary micro-
sphere embolization produced acute left ventricular systolic
dysfunction characterized by increased left ventricular vol-
umes, increased left ventricular end-diastolic and mean right
atrial pressures. reduced stroke volume, reduced left ven-
tricular area ejection fraction, reduced peak positive dP/dt
and a more spheric left ventricle . Eig: . weeks after the
induction of left ventricular dysfunction . left ventricular
L.AVINE Er AL.
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end-diastolic area increased further without a change in the
end-systolic area, with a mild improvement in the area
ejection fraction . Although left ventricular wall thickness
was unaltered, left ventricular mass was increased. The left
ventricle became less spheric at end-diastole. Left ventricu-
lar end-diastolic pressure and mean right atria) pressure
further increased . The gross and histologir appearance of the
left ventricle demonstrated patchy, diffuse scarring and focal
myocardial fibrosis surrounding the site of microsphere
occlusion
.
The present study clearly indicates that acute left ventric-
ular dysfunction induced by coronary mieroembolization
can be developed into a model of chronic left ventricular
dysfunction with elevated I,•ft ventricular filling pressures .
This model demonstrates healing of acute microinfarctions
and remodeling of the left ventricle, as demonstrated by
increased cardiac weight, increased left ventricular volume
and mass and a spheric shape, as compared with baseline
findings
. This model differs significantly from the rapid right
ventricular pacing model in several respects . I) It does not
exhibit complete reversibility . although compensatory im-
provement in left ventricular systolic function and remodel-
ing changes were noted . 2) Increased v all=•mss due to acute
left ventricular dilation may have served as a stimulus to
hypertrophy, minimizing the degree of wail thinning . In fact,
left ventricular mass and cardiac weight increased . 3) Signif-
icant gross and histologic fibrosis were noted in our model,
1802
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although only minimal changes were noted in the gross or
histologic appearance of the myocardium in the right ven-
tricular pacing model
. 41 Right ventricular dysfunction was
noted in the pacing model, but only insignificant reductions
in right ventricular systolic function were observed in our
study .
Similarity of the model to clinical cardiomyopathy . Sup-
port for this model as a clinically relevant model of global left
ventricular dysfunction can be gathered from the similarity
of the myocardial histologic features found in this model and
in idiopathic, coronary, viral and diabetic causes of cardio-
myopathy (9,19) . Furthermore
. evidence exists supporting a
role for microvascular ischemic and infarction as an etiologic
factor for perivascaiar and replacement fibrosis
: 1) The
microscopic lesions seen in Syrian hampsters with cardio-
myopathy are very similar to lesions seen in this model .
Verapamil (calcium channel blocker) therapy may attenuate
microvascolar ischemia and slow the time course of cardio-
myopathy (20)
. 2) Verapamil has also been shown to prevent
the interstitial and replacement fibrosis seen in diabetic
(streptozotocin) rats despite hyperglycemia (21). 3) Patients
with dilated cardiomyopathy and angina have been shown to
have impaired coronary vascular reserve, perhaps due to
increased microvascular tone (22).
Finally, microembolization of the dog coronary tree with
nonocclusive microspheres (25 µm1 resulted in necrosis
distal to the site of deposition despite perfusion beyond the
site of microsphere deposition
. Both verapamil and alpfia,-
blockers prevented necrosis. suggesting that microvascular
spasm may play a role (23) .
Abnormalities of diastolic function in this model . Acute
ischemic left ventricular dysfunction resulted in abnormali-
ties of relaxation, delayed mitral valve opening, shortenirg
of the diastolir filling p_dort :s r function of cycle length and
rcdaced rate and extent of early diastolic filling with an
increased rate and extent of atrial diastolic filling . Reduced
early diastolic filling has been previously demonstrated in
acute (24,25) and chronic coronary artery disease (25),
hypertension (26) and left ventricular hypertrophy (27,28) .
However, at 8 weeks a different diastolic filling pattern
emerged, characterized by early redistribution of diastolic
filling despite continued abnormal relaxation . The filling
pattern was associated with a significant increase in the rapid
filling wave . a further increase in left ventricular end-
diastolic size and pressure and an increase in mean right
atrial pressure. In the present study, diffuse, patchy fibrotic
alterations suggested the possibility of a myocardial restric-
tive process, as characterized by an increase in the rapid
filling wave of the left ventricular pressure tracing (29) and
an increase in the chamber stiffness constant
. In our previ-
ous acute studies (5), we found no evidence of increases in
the rapid filling wave associated with marked increases in
left ventricular filling pressure . However, it may be difficult
to differentiate the individual influences of myocardial re-
straint and pericardial constraint
. Similar patterns of dia-
stolic filling have been noted in both restrictive myocardial
JACC VA. 18, No. 7
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processes and constrictive pericarditis (29.30). Similar alter-
ations of the diastolic filling pattern have been noted in acute
experimental heart failure and with hemodynamic m :aeu-
vers designed to increase pericardial restraint (volume load-
ing) (5) .
However, in this study pericardial restraint cannot
be invoked as a causative mechanism for the observed
pattern of left ventricular diastolic filling for two reasons :
I)'1 he pressure-area curves did not display upward displace-
ments with chronic dysfunction . 2) We did not remove the
pericardium to assess the influence an the left ventricular
pressure-area relations and the diastolic filling pattern
.
Llmitafians- The microsphere model that we have de-
scribed results in only moderate left ventricular systolic
dysfunction with significant elevation of left ventricular
filling pressure, Although this model demonstrates global
systolic dysfunction analogous to that seen in human cardio-
myopathy, it does not completely reflect the heterogeneity of
the diastolic filling patterns noted in patients with congestive
cardiomyopathy, which may vary from impairment to en-
hancement of early diastolic filling (31,32). Because many of
our study dogs exhibited a third heart sound, the observed
diastolic filling pattern may be appropriate as it is commonly
seen in patients with a third heart sound due to congestive
cardiomyopathy (31,32). Because this model was only ex-
tensively studied at 8 weeks after embolization, it is possible
that further remodeling, hemodynamic improvement or de-
compensation may occur with longer periods of observation .
Second, despite the histologic finding of fibrosis, we
cannot be certain that the enhanced early diastolic filling
pattern noted is the result of myocardial restriction . Fibrosis
is common in patients with congestive cardiomyopathy, yet
marked heterogeneity in filling patterns has been noted,
probably related to the interrelations of the left atrial pres-
sure at mitral valve opening, relaxation abnormalities, the
presence of mitral regurgitation and pericardial constraining
properties. Although early redistribution of diastolic filling at
8 weeks may be due to the influence of mitral regurgitation
(33),
mitral regurgitation was present in only three dogs .
The use of frame by frame assessment of two-
dimensional echocardiographic left ventricular short-axis
areas at the mid-papillary level as a method to assess
diastolic filling has certain limitations relating to the inclu-
sion of the isovolumetric relaxation period and to the frame
rate . Because heart rates were <100 beats/min, at least 23
frames were available to analyze for a full cardiac cycle and
12 frames for diastole in all dogs . Because the differences in
the isovolumetric relaxation period between acute and
chronic left ventricular dysfunction were no greater than one
video frame (>33 ms) . it is unlikely that the frame by frame
method obscured changes in the diastolic filling pattern
because alterations in the filling fraction were profound .
Similar but less profound alterations were noted with t`e
Doppler transmittal spectral readings .
Conclusion. Coronary microsphere embolization-induced
ischemic damage to the left ventricle resulted in a model of
chronic moderate left ventricular systolic dysfunction asso-
JACC Vol . I8. No. 7
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ciated with prominent diastolic dysfunction characterized by
a resr:ietive pattern of left vzntricular diastolic filling.
References
1. Smith, NA- Eaperimental model of heap failure . Cardm„a .,_ Ra 1989 .
19 :181-6.
2 . Wilson 1R . Douglas P . Hickey WF. dal. Enpedmenlal cot€01040 heart
failure produced by rapid ventricular pacing in he dog . cmdiac
Circulation 1997:75:89-67 .
3 . Armvrong PW . Slopps TP. Ford SE. DeBuld Al. Rapid ventricular
paring in the dog: pathophysiologic studios of heart failure . Circulation
1986;74:1075-84.
4. Smiserh DA, Mire OD. A reproducible and stable model of acme
ischemic left ventricular failure in dogs
. Clip Physi0l 1%22 :2 2 1-u ,
5. Lavine SL Campbell CA, Kloner RA. Gumher SL Obvious filling in
cute left venrricalar dysfunttion : role of pericardium . 1 Am Coil Card 01
1988;12:1326-33 .
6. Lavine SJ . Campbell CA . Held AC . Johnson V. Effect of nitroggarine-
induced reduction of left vcurricular filling pressure on diastolic filling in
acute dilated hear) failure. J Am Coll Cardiol 1989j4 :233-41,
7
. LavineSJ,KrishnaswamiV,ShreinerSF Loft vemnculhrdiasmhcfill)ng
partner in patients with left ventricular dysfunction . Int I Card
423-36.
8 . Smiseth OA . Linda) S. Progression of myucardiul damage fullowinp
coronary micrcembolization :n dogs . Act, Pathol Microbial Immunol
Scand 1985 .91A :115-24 .
9. Uneerftth DV . Baker PB . Saint SE, et a1 . Eslent of myacrdial fibrosis
and cellular hypertrophy in dilated cardiomyopathy . .Am 1 Cordial [986:
57 :816-20.
to. Hamby RL Zenarnich S . Sherman L. Diabetic ca diomyopathy . ]AMA
1974;30:595-602.
I1 . Weiss 1L, Fredceickson JW, Weisfeldt ML . f:emodynamic ddcrmiranl,
ofshe time eomae ofrall in canine left vemdcular pr+suro . 1 Cliin In-,
197658:751-60 .
12. Saba E U, Dc Made A
. Rosin J
. Weyman A. Recommendations ncganting
quanbzation in M-mode ochocoediugraphy
: results of a survey of echu-
cardiogmphic measuremems
. Circulation 1978:58:1072-83.
13. Devereaux R, Reichek N . Echocardiographic determinarior of Ion ven-
tricular mass in man. Circulation 1977;55:61J-18,
14. Gaaseh WH, -vine Hl, Commas A, Aleemder JK. Left venuicular
compliance
: mechanisms and clinical impiicntium . .Am J Cardiol 1976 :38 :
645-53.
15. Milsky 1, Assessment of passive elastic stiffness of cardiac muscle :
mathematical concepts. physiologic and clinical considerations : direc-
dons of future research . Peog CV His 1976;18'_277-306.
16 . Dodge HT. Sandler H . Balleo DW. Lori JD Jr . The coo of biplane
angiocardiogecphy teethe measurement of left ventricular volume In mail
Am Heart 1 1960 :60 :762-76 .
LAVINE ET AL .
	
1803
>IODFL OF C HRONI(
-
I E FT VENTRICULAR DYSFUNCTION
I' . G,- h WH . Ccooll JD
. Levine Hl . Criuitiollo MG . Chronic aortic
rt€+ng •. laoon progro,tic valor of lot, -l icufar ead_,y,mrie dim-we
andepd.dsrra1mmJ :0,lhic ntss .!in I .AmCollCardiol1983177-92-
I8 . Leo-a, w, 0111 00ald E . Stars T M3Launs LP. Green LT Cool-
.1k ,, ., of the Ift venuicle in valualed for one and,veulie
pre, olum rclarion . Circulation 1977.56:84.5_5? .
19. Reaan TJ . C tirger PD . Khan Sun aL Altered --dal location and
tabcli,m ehroeic dub-, mellirna 0110011 return, (ir, Ra
20 . Faeor SM. Stlna,e T. Ch . S . Domnilt R. Sancenbliek EH . Sliconvas-
culer,pa,mmthecardiomyopmhicSyouahamp,tc, aprsemaMec .,-
.1 h,cal
m'-rdal
necroses. Circulation 1982 :66942-54.
2I . Afeal N
. Gnguk PK. Dholls KS . Pierce GN, 510001 PK, Dh;+110 NS .
Benefidml effeu, nfw_rpamil in diabetic cardiomyvponhy . DI00010 1988 ;
17916-4a- .
.. Cannon R0. Cunnion RE, Pnm11o IE . er al . Dvramic limitation of
a,oddmo inpmiemswinhdilaledcoediumlupathyand
chew pa's_ J 9m Call Cardiol 1987 ;10:1190 200 .
11
010 C . Cho S
. Factor S. 5'onnenbliok EH, Kirk ES . AlnncarJial micro-
s ;, produced by
no-phone
embuliraninn: role of alpha adrerercic
loo" mntnucnceuntheconaevrymo
culutioaCImR0,1984N
:74-82 .
24 . Lubaa,10 AJ . Lewcn MK . KemM. Vandonnucl M. Delieunal C . Ken.
rod, HL, ralvulionoflaR,entriculanrystoficunddmsmlicdysfunction
during IrunsicnI myrxvrJlai icchemia produced by a,gioplast, . I Am Call
Cardiol 198' :10 :7. .'_55 .
25 . Bums.. R0, Bacnnach SL. Green MV . d al . ImpairaJ loft ventricular
diastolic filling in rmienlo .ill coronary array disease: assessmem with
radlorualide angiogeophy . Circulation 1985.54:315-23 .
'66 torso, 1. \t-- 0, Loge D, et al. Abnormal left ventricular tiling : an
s
ad
no
:r mole to moderate sy,tomic Mpenension. Am I CaNinl
1984:13: 120-6 .
.. Shmhk \1 A. 1 -me St. Effect of mural mgurghalimn on diastolic filling
with IrS renuicular hypertrophy . Am 1 Coediol 199 .6C5W-4.
In. Hart :athP .Aknhc0DG .Sic€eroR.0100010W.Callvvonocularrolasun . .
and filling pall,,,, in different forms of left ncntricular hypertrophy : an
echoandiographic study . Am J Cardiol 198045:15-2_3.
29 . AP,Ioon CP. Hole LK . Popp RL . Demomrnnioo of rata ii, vtalm
ular phyaology h, Doppler r0000ardiography I Am Coll Cardiol 1988' .
11 :757-68 .
30 . T, Mg TH . Goodyear AVN . Hurst VW . AR-de, J . Lamina RA. Loft
"auricular filli,g in differenFming --five am,loid ...diomyopalhy
and consmtuvr pcncardms . Am 1 Coedrol 1981:47 :791-6.
31 . I :avine %t . Amnds D. Diaunlic tilling corrdmes o1 the S3. Am J
Nuninvasive Cardiol 1989 :1:51-7 .
32. f
:ovineSO
.Scand,D
.Impunanccuflheleftrantri'ul,,fillingpressureon
diaslolic fill", in idiuputhic Jilted cmdiomyopathy
. Am J Cardio)
1969:61:61-5.
33. Takerake K . Dahestani A . G rdin 1 A1. e t ak Pulsed Doppler echocandu,
graphic study of left venrr,ula, filling in dilated caniounwopathy, Am I
Cardiol 1986,58:143-7 .
